A combination of empirical and ab initio methods is used: the potential energy curves are determined to high accuracy by fitting to extensive data from the analysis of both laboratory and sunspot spectra; a high quality ab initio dipole moment curve is calculated at the large basis set, multi-reference configuration interaction level. A partition function plus full line lists of rotation-vibration transitions are made available in an electronic form as supplementary data to this article and at www.exomol.com.
INTRODUCTION
Silicon monoxide (SiO) is a widely observed astronomical species and appears to be ubiquitous in our galaxy. Since its initial detection by Snyder & Buhl (1974) , SiO has proved to be a key astrophysical maser and its very bright maser emissions are the subject of continued study (Cotton et al. 2011; Assaf et al. 2011; Nakashima et al. 2011; Vlemmings et al. 2011; Deguchi et al. 2011) .
SiO was originally detected in the interstellar medium by Wilson et al. (1971) . Its emissions were subsequently observed in the envelopes of oxygen-rich giant and super-giant stars (Kaifu et al. 1975 ) and the remnants of Supernova 1987A (Aitken et al. 1988) . SiO was detected in absorption in cool giant stars (Rinsland & Wing 1982) including α Tau (Cohen et al. 1992) . SiO absorptions are prominent in sunspots which have proved to be a fruitful source of spectroscopic data on highly excited states (Glenar et al. 1985; Campbell et al. 1995) which we exploit below. Furthermore recent detections of hot, dense exoplanets have led to the speculation that their atmospheres might contain significant quantities of SiO from vaporised silicates (Schaefer et al. 2012) .
These astronomical applications, combined with technological uses of SiO spectra (Wooldridge et al. 2000; Motret et al. 2002) , have motivated a number of laboratory studies. Tipping & Chackerian (1981) , Mollaaghababa et al. (1991) , Campbell et al. (1995) , Cho & Saito (1998) and Sanz et al. (2003) have all produced molecular constants characterising SiO vibrationrotation states. Transition probabibilities or Einstein-A coefficients have also been provided by Tipping & Chackerian (1981) , Langhoff & Bauschlicher (1993) and Drira et al. (1998) . Transition line lists have been constructed using these data (Lovas et al. 1981; Glenar et al. 1985; Langhoff & Bauschlicher 1993; Drira et al. 1998 ), but none of them appears to be particularly complete. For example no single line list combines a comprehensive set of transition frequencies with an accurate model for the transition intensities. It is this that we aim to do here. Tipping & Chackerian (1981) reported transition probabilities for a large number of transitions based on a semi-empirical dipole moment which they claim should give results accurate to about 10 %. Langhoff & Bauschlicher (1993) 
publically available line list from the Strasbourg Data Centre contains only 503 transitions. Drira et al. (1998) 's intensities are significantly larger than those of Tipping & Chackerian (1981) and they estimate their intensities are only accurate to about 20 %.
The ExoMol project aims to provide line lists of spectroscopic transitions for key molecular species which are likely to be important in the atmospheres of extrasolar planets and cool stars; it aims, scope and methodology have been summarised by . Line lists for 2 Σ + XH molecules, X = Be, Mg, Ca, have already been published (Yadin et al. 2012) . In the present paper, we present rotation-vibration transition lists and associated spectra for the five major isotopologues of SiO. These line lists are particulary comprehensive and should be valid for temperatures up to 9000 K.
METHOD
Rotation-vibration line lists for the ground electronic state of SiO were obtained by direct solution of the nuclear motion Schrödinger equation using the program LEVEL8.0 (Le Roy 2007) . In principle the calculations were initiated using a potential energy curve (PEC) calculated ab initio. In practice, as detailed below, there are sufficient experimental data available for SiO that the PEC was actually characterised by fitting to these data using the program DPotFit 1.1 (Le Roy 2006).
Dipole moments
There appears to be no experimental measurements of any SiO transition dipoles and a single measurement of its permanent dipole moment as a function of the vibrational state by Raymonda et al. (1970) . We determined a new dipole moment curve (DMC) using high level ab initio calculations. These are compared to previous, high-level ab initio determinations (Langhoff & Bauschlicher 1993; Drira et al. 1998; Chattopadhyaya et al. 2003) given below.
The ab initio calculations were performed using MOLPRO (Werner et al. 2010) ; we tested both the coupled cluster (CCSD(T)) and multi-reference configuration interaction (MRCI) methods with large basis sets. Our largest, and best, calculations used an aug-cc-pCV5Z basis set for the CCSD(T) study and aug-cc-pwCV5Z for MRCI; in both cases a correction due to the correlation of the core electrons was included but the corresponding correction due to relativistic effects was found to be very small and was neglected. These calculations give a value for the dipole at equilibrium of 3.10 D and 3.07 D, respectively, which bracket the experimentally determined value of 3.088 D (Raymonda et al. 1970) . The ab initio DMC grid points were used directly in LEVEL. Figure 1 compares the DMC's arising from our calculations with those obtained by Chattopadhyaya et al. (2003) (CCK) using an MRCI method. Other previous studies based on the use of similar CCSD(T) method gave curves similar to our CCSD(T) calculation. The CCSD(T) dipoles appear correct at short bondlengths but behave in an unphysical fashion for R > 2Å. CCSD(T) is known to have problems as molecules are dissociated and so this model was not pursued. Again at short R our MRCI dipoles are similar to those of CCK. It is unclear why CCK's dipoles do not vary smoothly as R is increased but such behaviour is not consistent with obtaining reliable transition intensities. All calculations presented below therefore use our MRCI dipole moments.
Fitting the potential
The potential energy curve is essentially characterised by fitting to spectroscopic data. Measurements with very small estimated uncertainties were chosen for the fit such that any uncertainty in the fitted surface depends only on the accuracy of the fit and, for higher energies, the extrapolation beyond the experimental input values. Measurements for multiple isotopologues were used both to maximise the input data and to ensure that the resulting curve is applicable to all isotopologues, including the yet-to-be observed spectrum of 28 Si 17 O. The most comprehensive and accurate sets of available measurements are the infrared ro-vibrational sunspot lines detected by Campbell et al. (1995) and the microwave rotational laboratory lines recorded bySanz et al. (2003) .
The potential was expressed as an Extended Morse Oscillator potential function (EMOp):
where
and p was set to 2 and N to 6. Spectroscopically derived values for the dissociation energy, De = 66620.0 cm −1 (Campbell et al. 1995) and re = 1.5097377Å (Sanz et al. 2003) were used.
Data for isotopologues were fitted simultaneously; attempts to include Born-Oppenheimer Breakdown (BOB) terms in the fit did not result in an improvement and were not pursued. 
Partition function
A partition function for 28 Si 16 O was calculated by summing all the calculated energy levels, see Table 7 below, using Excel. As we use all ro-vibrational energy levels there are no issues with convergence of this sum. Given the high accuracy of our energy levels, this determination should be more accurate than the previous determinations given by (Irwin 1981) and (Sauval & Tatum 1984) . Table 3 compares with these previous studies and finds generally good agreement except the values of (Sauval & Tatum 1984) become too large at higher temperatures.
For ease of use, we fitted our partition function, Q, to a series expansion of the form used by Vidler & Tennyson (2000) :
with the values given in Table 4 . 
Line list calculations

RESULTS
The line lists contain almost two million transitions each and, therefore, for compactness and ease of use, divided into separate energy levels and transitions file. This is done using the standard ExoMol format which is based on a method originally developed for the BT2 line list (Barber et al. 2006) . Extracts for the start of the 28 Si 16 O files are given in tables 5 and 6. The full line list for each of these isotopologues can be downloaded from the CDS, via ftp://cdsarc.u-strasbg.fr/pub/cats/J/MNRAS/xxx/yy, or http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/MNRAS//xxx/yy. The line lists and partition function together with auxiliary data including the potential parameters and dipole moment functions, as well as the absorption spectrum given in cross section format ), can all be obtained from there as well as at www.exomol.com. Table 8 compares our SiO line lists with previous attempts to study this system: it only provides an assessment of the quantity of data provided not its quality. However it is clear that our new line lists provide a much more comprehensive coverage of the problem. We believe they also represent a substantial improvement in accuracy. Figure 2 gives a room temperature comparison of our 28 Si 16 O line list with the most complete previous one due to Langhoff & Bauschlicher (1993) . It is clear our line list is more complete.
Illustrative high resolution comparisons with 28 Si 16 O observed sunspot transition frequencies are given in Table 9 ; as can be seen the comparison is excellent. Also given are the frequencies due to Langhoff & Bauschlicher (1993) , who generated a PEC from the empirical parameters of Glenar et al. (1985) , again the comparison is very good. Overall the error in Langhoff and Bauschlicher's frequencies, where available, is only about twice ours.
An important aim in fitting the PEC is to also predict spectroscopic data for higher vibrational states than used in the fit. To test this comparisons are made with the experimentally-derived vibrational frequencies of Shanker et al. (1976) , which have an estimated uncertainty 1.0 cm −1 , and Bredohl et al. (1973) , as re-assigned by Barrow & Stone (1975) . Our predictions agree well with the experimentally-derived values; however those of Tipping & Chackerian (1981) (TC) disagree siginificantly for the higher vibrational states. Indeed by v = 35 our vibrational term value is 3.3 cm −1 lower than TC's. TC were limited in the vibrational states they could use in their fit, extending only to v = 5 from the spectra of Lovas et al. (1981) , compared to the line frequencies for vibrational transitions used which extend to v = 13.
Since there are no measured intensities to compare with, we compare the results of our calculations with astronomical spectra. Sunspots display many SiO features over a wide range of wavelengths. High resolution sunspot spectra have been compiled by Wallace et al. (1996) . Figure 3 compares small regions of these spectra with our line lists. Note that only the theoretical spectra, generated at T =3200 K, are given in the absolute units of cm/molecule). These spectra, which are chosen to cover regions where ∆v is both 1 and 2, illustrate the excellent agreement between our line positions and the observed features. Our intensities are also well correlated with the observed ones. We note that the sunspot spectra show many other features in this figure. These features are either due to water (Polyansky et al. 1997) or so to some so-far unidentified species. Figure 4 compares the spectra of four red giant Wallace & Hinkle (2002) with our simulated spectrum of 28 Si 16 O at a temperature of 3200 K. These spectra are for the ∆v = 2 overtone spectrum. To fully reproduce the observed stellar spectrum . Sunspot absorption spectra (Wallace et al. 1996) , continuous line and our predicted 28 Si 16 O absorptions at 3200 K, vertical lines. The absolute intensity scale refers to the calculated spectra. Figure 4 . Red giant spectra due to Wallace & Hinkle (2002) compared to a synthesized 28 Si 16 O absorption spectrum using T =3200 K (bottom panel).
would require running a stellar model which is beyond the scope of this paper. However it clear that both the line positions and general band structure predicted by our calculations are in very good agreement with the observations.
CONCLUSIONS
We present comprehensive line lists for the five most important isotopologues of SiO. These are based on the direct solution of the nuclear motion Schrödinger equation using a potential energy curve obtained by fitting to an extensive data set of measured transitions. These data are reproduced to near experimental accuracy resulting in high accuracy line positions. A new ab initio dipole moment is computed, which appears to behave more physically at large internuclear separations. This dipole is used to compute Einstein A coefficients for all possible dipole-allowed transitions within each SiO isotopologue. The result is a comprehensive line list for each species, including the first data for 28 Si 17 O. The line lists can be downloaded from the CDS, via ftp://cdsarc.u-strasbg.fr/pub/cats/J/MNRAS/, or from http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/MNRAS/, or from www.exomol.com.
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